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ABSTRACT
Ben Collins: DNA-based species identification and population genetics of the eastern
subterranean termite, Reticulitermes flavipes, in the Southern Appalachian Mountains
(Under the Direction of Dr. Ryan Garrick)
This study investigates the distribution patterns of Reticulitermes flavipes, an important recycler
of nutrients and well-known destroyer of man-made structures, in the Southern Appalachian
Mountains. As a precursor to this work, it was first necessary to distinguish the target species
from other co-occurring termite species. To combat this problem, a modified Polymerase Chain
Reaction- Restriction Fragment Length Polymorphism (PCR-RFLP) assay that uses a 384-bp
segment of the mitochondrial cytochrome oxidase subunit II (COII) gene was designed. To test
the accuracy of this tool, predictions made from using this method were compared to
predictions made by genetic sequencing. This modified PCR-RFLP test will make it easier to
identify the species of Reiticulitermes found in the Southern Appalachian Mountains of the
United States. Next, I used DNA sequences from portions of the COI and COII mitochondrial
cytochrome oxidase subunit I (COI) and COII genes from 50 samples of R. flavipes obtained
throughout the Southern Appalachian Mountains to examine the genetic diversity and
phylogeographic history of this species. Because of the dependence of Reticulitermes on forests
for sustenance and habitat, populations of R. flavipes probably retreated into sheltered refuges
during the Last Glacial Maximum (~20,000 years ago) when the distribution of the trees they
depended on contracted due to the cooler temperatures and limited precipitation. One
hypothesis for the distribution of genetic diversity within species that are dependent on
timberlines during glacial maxima is that the most southern areas served as a large refuge while
northern areas lost their trees and consequently the invertebrates that depended on them.
Areas that lost their invertebrates were later recolonized by a subset of invertebrates that
survived in the large southern refuge. This idea was tested here by separating R. flavipes
ii

termite samples into groups based on geographic location and natural barriers to dispersal and
looking at genetic diversity for each group. The results from these analyses were inconsistent
with the hypotheses of a single southern refuge because the most northern portion of the
Southern Appalachian Mountains was indicated to be more stable the central regions due to its
high level of genetic diversity and genetic signatures from mismatch distribution analyses.
Overall, this finding suggests alternative hypotheses warrant further investigation.
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Introduction
Study System: Southern Appalachian Mountains
The Southern Appalachians are host to much biodiversity (Belote et. al 2009). The north-south
arrangements of the mountains have allowed organisms to migrate much easier than they
would in Europe where mountains provide a barrier between north and south migration. The
Southern Appalachian Mountains also provide very diverse types of habitats because of the
great changes in elevation with only slight horizontal movement. These characteristics make
the Southern Appalachians a hotspot for slowly moving animals since it allows organisms to
move considerably shorter distances to find suitable areas to survive. The Southern
Appalachians’ characteristics of moisture, elevation, and latitudinal changes subdivide the
region into different habitats and make it one of the most diverse temperate areas in terms of
the numbers of different species (Soltis et al. 2006).
Target Species: Reticulitermes flavipes
Reticulitermes flavipes is a species of wood-eating termite distributed throughout the Southern
Appalachians and elsewhere in eastern United States. While termites ingest wood, they rely on
protozoa in their gut to digest components of the wood that they cannot digest (Fisher et. al
2007). Termites are eusocial and live in colonies headed by a king and queen. A colony is
separated into many castes and workers comprise most of the population (Brown et. al 2008).
Annual flights of reproductive winged termites called alates allow for dispersal to new areas
(Steller et. al 2010). Reticulitermes flavipes provide a vital role to their communities because
they help break down wood and other tree debris, and thus contribute to nutrient cycling and
soil formation in forests (Upadhyay 2011).
While R. flavipes have an important role in nutrient cycling, they also are well-known for
attacking man-made structures and causing significant damage. Termites of the genus
Reticulitermes can cause billions of dollars in damage every year in the United States alone (Su
1990). The roles that R. flavipes serve in recycling nutrients and causing heavy financial loss
make it a worthwhile species to investigate.
Correct identification of collected specimens is important in any genetic study. Identification to
species level is usually accomplished by examination of morphological features. For some
species groups, differences are quite small or may be apparent only in some individuals, such as
adults. The genus Reticulitermes has a lack of discrete morphological differences that can be
used to identify species within the genus (Tripoti et al 2006). In Reticulitermes termites all of the
important morphological differences are possessed by kings, queens and soldiers, yet workers
make up the majority of a colony and are therefore most readily sampled (Lim and Forschler
2012). This has led to the development of other approaches to species identification including
the use of segments of genes sequenced and compared to collection databases (e.g., ‘DNA
barcoding’, Hebert et al. 2003). However, DNA sequencing can be expensive and time
1

consuming since samples often have to be sent to other facilities which have the appropriate
apparatuses. Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP)
is a technique that can be used to identify species and it can be performed in labs that have
access to PCR and gel electrophoresis units. This technique is comparatively inexpensive and
can be accomplished without having to first send samples off to be sequenced. For these
reasons we chose to develop an assay of restriction enzymes which could distinguish between
all of the five different species of Reticulitermes termites (Including R. flavipes) that occur in the
southeastern United States.
Historical Factors: Glacial maximums
The Earth’s climate is known to go through periodic changes (Provan and Bennett 2008) that
affect the biodiversity of Earth. Particularly, ice ages can drastically change entire ecosystems.
The Last Glacial Maximum (LGM) occurred 18,000 – 23,000 years ago (Provan and Bennett
2008). During this glacial period, the Southern Appalachian Mountains served as a refuge for
many forest-dependent species (Provan and Bennett 2008). Even though the Southern
Appalachian Mountains were not covered by sheets of ice, colder temperatures and a decrease
in rainfall would lead to a change in forest distributions. The cold and dry climate caused forests
to contract into sheltered gullies and ravines. These sheltered refuges possibly had the potential
to support viable populations of the organisms that depended on the wood for sustenance and
habitat. The areas that lost all their forest consequently lost all of their invertebrates that
depended on the forest. When the glacial period ended, the tree line would be able to expand
out of these refuges and recolonize lands that were lost in the glacial period. With the recolonization by trees, a subset of the invertebrates that survived in isolated refuges would also
recolonize the area. If the southern portion of the Southern Appalachian Mountains (e.g., the
area currently represented by Chattahoochee National Forest, Georgia) was really the only area
that harbored forest refuges suitable to R. flavipes, then the other areas would most likely be
recolonized from this southern source. Since these termites have limited means of mobility and
the mountainous topography likely provides barriers to dispersal, areas would probably be
recolonized in a step-wise fashion from south to north. Given that large stable populations are
characterized by high diversity, whereas newer populations tend to have low diversity, the
amount of differences within a population should predict how long it has been since that
population was founded (Hewitt 2000). Here, insights in the long-term population history (i.e.,
phylogeography) of R. flavipes was investigated by generating DNA sequence data from samples
that were positively identified using PCR-RFLP, and then comparing observed spatial patterns of
this diversity with a topographic map of the Southern Appalachians.
Main objectives of study
The aims of this study were to (1) develop a restriction enzyme assay that could distinguish
between the different species of Reticulitermes found in the Southern Appalachians (2)
investigate the diversity of R. flavipes in the Southern Appalachians and (3) determine whether
there was evidence to support the theory that the most southern part of the South Appalachian
2

Mountains served as the major refuge for R. flavipes during the last glacial period. To achieve
these objectives, a set of genetic data was built by sequencing portions of the mitochondrial
DNA from specimens collected throughout the Southern Appalachian Mountains. A PCR-RFLP
method was designed and tested to determine whether it could distinguish between different
species of Reticulitermes that occur in the southeastern United States. Assessment of genetic
signatures of population size changes were then used to infer whether a theory of a single
refuge in the south was supported by the collected genetic data. Specimens to be analyzed
were separated into populations in two ways. First, sequences of portions of their mitochondrial
DNA were used to create phylogenetic trees. Second, specimens were separated into theoretic
populations based on geographic information.
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Methods
Specimen Collection
Specimens were collected from decomposing logs on the forest floor in the Southern
Appalachians. Collections included sites from Georgia (Chattahoochee National Forest, Johns
Mountain Wildlife Management Area), Alabama (Talladega National Forest), Tennessee (Smoky
Mountain National Park, Cherokee National Forest), and Virginia (Jefferson National Forest,
Shenandoah National Park, and Washington National Forest). Sixty specimens (of which fifty
were determined to be R. flavipes) from 35 different logs were used in this study. The location
of each log was recorded using a handheld GPS device (Table 1). Specimens were stored in
labeled containers of 95% ethanol until DNA could be extracted.
DNA Extraction
Whole specimens were crushed and DNA was extracted using a Qiagen DNeasy Blood & Tissue
Kit, following the manufacturer’s recommendations. Modifications of the standard protocol are
as follows. Buffer AE was put on a 65°C heating block at the beginning of the extraction. The
optional step of adding 4 μL of RNase A (100 mg/mL) was performed. In step 3, Buffer AL and
ethanol were added subsequently and not pre-mixed. After the centrifugation step, the optional
additional step of centrifugation for 1 minute at 14,000 rpm was performed. Then, two elutions
using 65 μL of warm AE were performed to increase DNA yield.
Polymerase Chain Reactions
Polymerase Chain Reaction (PCR) was used to amplify portions of the mitochondrial cytochrome
oxidase subunit I (COI) and subunit II (COII) gene regions that were approximately 650 base pairs
long. The PCR reagents used were 3.0 μL 5X buffer, 1.2 μL MgCl2 (25 mM), 2.4 μL dNTPs (1.25
mM), 0.75 μL BSA (10mg/mL), 4.5 μL dH20, 0.75 μL Forward-primer (10 μM), 0.75 μL Reverseprimer (10 μM), 0.15 μL Promega Go-Taq (5U/uL), and 1.5 μL of extracted DNA. For the COI
region, primers used for PCR amplification were LCO and HCO (Folmer et al. 1994). For the COII
region, primers were ParkCo2F and TKN3785 (Park et al. 2004; Simon et al. 1994, respectively).
A Biorad T100 Thermal Cycler was used to amplify the targeted gene regions. The cycling
conditions consisted of initial denaturation at (cycling sequence) 95°C for 2 min (1 cycle),
followed by 95°C denaturation for 30 seconds, 50°C annealing for 30 seconds, and 72°C
extension for 1 min (35 cycles), and final extension step of 72°C for 2 min (1 cycle).
Gel electrophoresis
Electrophoretic separation of PCR products was performed using a 1.5% agarose gel and 1X
TBE buffer. For standard use in checking the success of PCR, a 100bp ladder was added in the
left-hand lane; 4.0 μL of PCR product plus 2.5 uL loading dye was added to the other wells,
except the last well which was loaded with a negative control to check for contamination, and
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Table 1: Collection information by log identification number, GPS coordinates, elevation,
sample size, and state and region of collection for specimens used in genetic analyses.

Log
ID

North

West

A03
A04
A06
A09
A10
A11
A11B
A12
A13
A14
A16
A18
A19B
A21
A22B
A25B
A30
A31B
A32
A37
A38B
A40
A41B
A42
A44
A52B
A56
A60
A62B
A64
A70B
A73
A75
A76
A85

34.77972
34.57297
34.64336
34.56515
34.56416
34.54107
34.54107
33.57157
33.56059
33.46215
33.20150
34.87866
34.93135
34.77507
34.68311
34.74192
35.65682
35.70232
35.52117
35.77140
35.61933
34.75931
33.91858
35.10896
36.31100
37.34757
38.12902
38.29123
38.80508
38.62592
38.04052
35.39384
36.12452
36.13606
34.84695

84.63805
85.06536
85.21630
85.24268
85.24043
85.25067
85.25067
85.69391
85.70074
85.81731
86.07201
84.71137
84.65486
84.33880
84.25093
83.73265
83.51849
83.35717
83.31077
83.21343
83.66993
84.69140
85.49764
84.62477
82.07211
80.54509
78.78368
78.64308
78.18149
78.34060
79.34980
87.52677
84.74478
84.48829
85.49971

Number of
Elev. (m) Individuals State
Collected
764
450
386
408
427
341
341
328
425
485
291
354
485
730
810
766
780
653
666
575
593
804
257
530
648
1121
814
761
755
1032
784
304
378
496
315

3
3
1
1
1
1
1
1
1
3
3
3
1
3
3
3
3
1
2
3
1
3
3
1
1
1
1
1
1
1
3
1
1
1
1
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GA
GA
GA
GA
GA
GA
GA
AL
AL
AL
AL
GA
GA
GA
GA
GA
TN
TN
TN
TN
TN
GA
AL
TN
TN
VA
VA
VA
VA
VA
VA
TN
TN
TN
GA

Region
W-Chattahoochee NF
Johns Mtn WMA
Johns Mtn WMA
Johns Mtn WMA
Johns Mtn WMA
Johns Mtn WMA
Johns Mtn WMA
Talladega NF
Talladega NF
Talladega NF
Talladega NF
W-Chattahoochee NF
W-Chattahoochee NF
C-Chattahoochee NF
C-Chattahoochee NF
E-Chattahoochee NF
Smoky Mtn NP
Smoky Mtn NP
Smoky Mtn NP
Smoky Mtn NP
Smoky Mtn NP
W-Chattahoochee NF
Talladega NF
S-Cherokee NF
N-Cherokee NF
Jefferson NF
Shenandoah NP
Shenandoah NP
Shenandoah NP
Shenandoah NP
Washington NF
Natchez Trace Pwy
Clear Ck
Frozen Head SP
Cloudland Canyon SP

these gels were run for ~60 minutes at 80 volts. For PCR-RFLP assays, gels were typically run for
240 minutes at 80 Volts to achieve clearer separation of fragments. In all cases, gels were then
imaged using a BioRad Gel Doc XR+ System.
Restriction Enzyme Assays Development
Three restriction enzymes were chosen due to their cutting patterns being able to distinguish
between the five species of Reticulitermes found in the Southern Appalachians. The following
description of methods used to choose restriction enzymes comes from a related but separate
work (Garrick unpubl.), but for completeness, is described here. To find a set of mitochondrial
COII sequence differences that would be useful for distinguishing among the five different
Reticulitermes species that occur in the southeastern USA, published DNA sequences from each
species were downloaded from the GenBank public database, and examined for the presence of
restriction enzyme recognition sites. Only COII sequences for which the authors provided
collection locality information were used; termites sampled outside of their native range (i.e.,
invasives) were also excluded. In total, there were 132 GenBank accessions that met these
conditions, however, representation of each species was asymmetrical (R. flavipes: n = 99; R.
virginicus: n = 14; R. nelsonae: n = 8; R. hageni: n = 7; and R. malletei: n = 4). For each species
sequences were aligned in MEGA and a “consensus” sequence was generated (i.e., a single
sequence that includes information on nucleotide positions that show variation within species).
Next, the five species-specific consensus sequences were aligned, and fixed among-species
differences were identified. The on-line program NEBcutter v2.0 (www.
http://tools.neb.com/NEBcutter2/) was used to determine whether commercially available
restriction enzymes could be used to resolve these fixed differences. Finally, PCR primers used
for initial amplification of the COII region were redesigned so that among-species differences in
PCR-RFLP banding patterns would be pronounced. The final choice of restrictions enzymes were:
Rsa I, Taq I, and Msp I.
Restriction Enzyme Assay Procedure
PCR was used to amplify a portion of the mitochondrial COII gene region that was approximately
380 base pairs long. The PCR reagents used were 3.0 μL 5X buffer, 1.2 μL MgCl2 (25 mM), 2.4 μL
dNTPs (1.25 mM), 0.75 μL BSA (10mg/mL), 4.5 μL dH20, 0.75 μL Forward-primer (10 μM), 0.75
μL Reverse-primer (10 μM), 0.15 μL Promega Go-Taq (5U/uL), and 1.5 μL of extracted DNA. The
primers used for this PCR amplification were RetCo2-F (5’-TGCAATACCATCCTTACG-3’) and
RetCo2-R (5’- TCCACAGATTTCTGAGC-3’) (Garrick, unpublished). A Biorad T100 Thermal Cycler
was used to amplify the targeted gene regions. The cycling conditions consisted of initial
denaturation at (cycling sequence) 95°C for 2 min (1 cycle), followed by 95°C denaturation for
30 seconds, 54°C annealing for 30 seconds, and 72°C extension for 1 min (35 cycles), and final
extension step of 72°C for 2 min (1 cycle).
When the PCR was finished, restriction digest assays were performed. The restriction digest
reagents used were 13.75 μL dH20, 2.50 μL 10X Buffer, 0.25 μL BSA, and 1.50 μL Restriction
6

Enzyme (Promega). Each restriction enzyme had its own buffer. The restriction enzymes and
associated buffers used were Rsa I and Buffer C, Msp I and Buffer B, and Taq I and Buffer E. The
reagents were added to 0.2 mL tubes and held overnight in A Biorad T100 Thermal Cycler. The
temperatures used were 37°-C for both Rsa I and Msp I and 65°-C for Taq I. Gel electrophoresis
was then performed by the previously detailed method.
Restriction Enzyme Assay Gel Image Scoring
The gel images produced by Restriction Enzyme Assay were scored by looking for the cutting
patterns predicted by each restriction enzyme shown in Table 2. After each gel image was
scored, the combined data from the three gel images produced by the three restriction enzymes
was used to determine what species of Reticulitermes was predicted by the restriction enzyme
assay. Subsequent analyses focused only on those specimens that were identified as R. flavipes
by the PCR-RFLP assays.
DNA Sequencing and Editing
PCR samples were sent to Yale University’s DNA Analysis Facility on Science Hill for sequencing
on an Applied Biosystems 3730x/96-Capillary Genetic Analyzer. The sequences were checked at
each base by using MEGA v3.1 (Kumar et al. 2004) software and looking for any
Table 2. The expected fragment lengths of the RFLP haplotypes of R. hageni, R. malletei, R.
nelsonae, R. virginicus, and R. flavipes based on enzyme restriction sites of the 384 bp
mitochondrial COII Fragment.
Species

Haplotype

Rsa I fragment
Taq I fragment
Msp I fragment
length (bp)
length (bp)
length (bp)
R. hageni
A
94/115/175
384
77/107
R. malletti
B
48/127/209
384
37/347
R. malletti
C
48/127/209
384
37/40/307
R. nelsonae
D
48/127/209
153/231
77/307
R. nelsonae
E
48/127/209
384
77/307
R. nelsonae
F
175/209
153/231
77/307
R. virginicus
G
175/209
384
384
R. flavipes
H
175/209
67/134/183
384
R. flavipes
I
175/209
30/67/134/153
38/346
Note: Cutting patterns that are bolded and underlined indicate the most commonly
expected cutting patterns.

ambiguous/incorrect calls. Sequences were then aligned together by ClustalW in the Alignment
Explorer window in MEGA. The sequences were trimmed down to identical base pair lengths
and ambiguous calls were reviewed.
Data Analyses
7

Genetic grouping of Reticulitermes flavipes based on phylogeny
Mitochondrial DNA COI and COII from 50 R. flavipes specimens were used to estimate
phylogenetic trees for each gene region. This was accomplished by using MEGA’s neighborjoining tree building algorithm using p-distance (i.e., the proportion of nucleotide differences
between a pair of DNA sequences) as the metric. Support for inferred relationships on the tree
was assessed via bootstrapping (1000 replicates). A bootstrap support value of 70 was
generally considered a benchmark for confidence in groupings and three different groups were
identified (Figure 1). Using the well-supported groupings as ‘genetic population’, within- and
among-group differences were calculated using p-distance in MEGA. The genetically determined
groups suggested by analysis in MEGA were then used to calculate values of polymorphism in
DnaSP v5.0 (Librado and Rozas 2009).
Genetic grouping based on geographic location
To define geographic groups of individuals that could be used as a basis for assessing alternative
hypothesis about the number and locations of historical habitat refuges, long-term features of
the landscape features that are likely to have limited dispersal of low mobility forest
invertebrates were used. The main focus was on major rivers in low-elevation valleys (<400500m), with an east-west orientation, such that they run approximately perpendicular the main
north-south ridgelines of the Southern Appalachians. New River (near Roanoke, VA), and the
Little Tennessee River (which forms part of the southern boundary of the Great Smoky
Mountains National Park, TN) were chosen for this purpose; together, they subdivide the region
into three (north, central, and south). In addition, Talladega National Forest, AL, represents an
isolated mountain range surrounded by extensive lowlands, and so represents fourth natural
grouping. Once specimens were divided into these four groups based on geographic location,
COI and COII DNA sequence data were used to estimate within-group diversity using p-distance
in MEGA. Between-group p-distances were also examined for all pairwise combinations of
groups. These pairwise values were represented in the form of Neighbor Joining tree (Figure 2).
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Figure 1. Phylogenetic Tree of Exclusively R. flavipes specimens

Figure 1 shows a phylogenetic tree made exclusively from specimens that were identified as R.
flavipes. The phylogenetic tree was created by using MEGA’s neighbor-joining tree building
algorithm using p-distance as the metric. Sequenced portions of the COI and COII region were
used. Three populations were identified and assigned a population name. Two specimens were
identified as out-groups that did not group with other sequences.
Figure 2. Phylogenetic Tree of Groups Determined By Geographic Information

Figure 2 shows a phylogenetic tree of groups, determined based on location of sample, built
MEGA’s neighbor-joining tree building algorithm with p-distance as the metric. Sequenced
portions of the COI and COII region were used.
9

The sequences were then transferred to DNASP to run additional analytics. A mismatch
distribution was performed for each geographic grouping and a graph was generated to indicate
if the data correlated with a growing population. In addition a Fu’s Fs value was generated and
a Fu’s Fs Test was performed to test whether the data was correlated with a stable population
size.
Determining Success of PCR-RFLP
Genetic data for one specimen from each of the following five species were obtained from Lim
& Forschler (2012): R. flavipes, R. virginicus, R. hageni, R. malletei and R. nelsonae (GenBank
accession numbers: EU689009, EU689027, EU689026, JF796227and EU689013, respectively).
The genetic sequences for the same region of COII that I sequenced for these five specimens
were added to my sequences in MEGA. My 60 sequences plus these five reference sequences
were used to estimate phylogenetic trees. This was accomplished by using MEGA’s neighborjoining tree building algorithm using p- as the metric. The phylogenetic tree was used to
determine the species of each sample by seeing with which reference specimen it was most
closely grouped (Figure 3). Once a species was determined for each sample by this method,
these results were compared to the predictions made by PCR-RFLP.

10

Figure 3. Phylogenetic Tree of Sixty Samples and 5 Reference Specimens based on COII regions
and calculating p-distance in MEGA
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RfA70b 1 dil1 19-TKN3785

52 RfA70b 3 dil 1 19-TKN3785

gi|189016380|gb|EU689009.1| R.F....

68

RfA52b 1 dil1 19-TKN3785
RfA60 1 dil1 19-TKN3785
100

84
100

RfA14 1 dil1 19-TKN3785
RfA14 3 dil1 19-TKN3785
RfA14 2 dil1 19-TKN3785

RfA13 1 dil1 19-TKN3785

82

RfA16 1 dil1 19-TKN3785
100

RfA16 2 dil1 19-TKN3785
RfA16 3 dil1 19-TKN3785
RfA10 1 dil1 19-TKN3785

45
28
47
100
66

RfA42 1 dil1 19-TKN3785
RfA25b 1 dil1 19-TKN3785
gi|189016416|gb|EU689027.1| R.V....
RfA44 1 dil1 19-TKN3785
gi|189016414|gb|EU689026.1| R.H....

RfA12 1 dil1 19-TKN3785

78

gi|189016388|gb|EU689013.1| R.N...
gi|334303225|gb|JF796227.1| R.M....

71

72 RfA19b 1 dil1 19-TKN3785
95

RfA38b 1 dil1 19-TKN3785
RfA06 1 dil1 19-TKN3785

100

RfA11 1 dil1 19-TKN3785
64

RfA11b 1 dil1 19-TKN3785

0.005

Figure 3 shows a phylogenetic tree of specimens and reference specimens created by using
MEGA’s neighbor-joining tree building algorithm using p-distance. Sequences of the COII region
were used in building this tree.
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Results
Genetic grouping based on phylogeny
Sequencing PCR amplification products for the COI and COII regions of the mitochondrial
genome revealed that three distinct groupings were justified when p-distances were compared
using MEGA’s neighbor-joining tree building algorithm. A value of 99 demarcated Population A,
a value of 44 demarcated Population B, and a value of 88 demarcated Population C as the best
possible groupings (Figure 1). Average p-distance between different populations ranged from
0.009 to 0.028 for the combined COI + COII regions (Tables 3). Average p-distance within each
population ranged from 0.0020 to 0.012 for the combined COI + COII regions (Table 4).
Genetic Grouping Based on Geographic Information
Geographic information was used to separate the samples into four theoretic populations. The
genetic sequences from these theoretic populations were then analyzed using MEGA software.
Average p-distance between different populations that were determined by geographic
information ranged from 0.0022 to 0.0276 for the combined COI + COII region (Tables 5).
Average p-distance within each population that was determined by location ranged from 0.0022
to 0.0117 for the COI + COII region (Table 6). Mismatch distributions were performed using
DNASP software and the produced graphs showed how an expected curve for a population
which was growing compared with the experimental data. The mismatch distribution graphs for
the Talladega and the North of Roanoke regions did not match well at all (Figure 4 and Figure 5).
Conversely, the mismatch distribution graphs produced for Central and South of Smoky
Mountains National Park regions show a much closer match between observed and expected
curves (Figure 6 and Figure7). The Fu’s Fs test produced P-values that ranged from 0.13100 to
0.99500. All of these values were larger than the .05 value that was needed to reject a null
hypothesis of a growing population (Table 7).
Determining Success of PCR-RFLP
Sixty specimens were identified to species by both genetic sequencing and PCR-RFLP (Table 8).
Out of those 60 specimens, genetic sequencing predicted that there were 50 R. flavipes, five R.
malletti, four R. virginicus, one R. nelsonae, and no R. hageni. Out of the 50 specimens that were
predicted to be R. flavipes by genetic sequencing, 44 were correctly identified as R. flavipes and
the other six were suggested to be R. flavipes. In these six cases, two of the restriction enzymes
cutting patterns indicated that the specimen was R. flavipes but the other restriction enzyme
cutting pattern did not match any predicted cutting pattern. All four specimens that were
predicted to be R. virginicus by genetic sequencing were also predicted to be R. virginicus by
PCR-RFLP cutting patterns. PCR-RFLP cutting patterns indicated that six specimens were either R.
malletti or R. nelsonae. In these six samples the Rsa I and Taq I cutting patterns identified the
specimens as one of the two species. The Msp I cutting patterns were different between R.
malletti and R. nelsonae, but they were similar enough to make confident predictions hard. No
12

specimens were predicted to be R. hageni by PCR-RFLP. In no cases did PCR-RFLP predict a
species that was different than the species predicted by genetic sequencing. However, it was
difficult to distinguish between R. malletti and R. nelsonae. Also, some unexpected cutting
patterns were found in specimens of R. flavipes. Finally, success of PCR-RFLP for R. hageni could
not be assessed since none of the specimens were of that species.

Table 3. Genetic Differences (P-distance) Between Genetically Determined Groups Using Data
from COI + COII Regions and calculating p-distance in MEGA

Pop A
Pop B
Pop C

Pop A
0.027
0.028

Pop B
0.009

Pop C
-

Table 4. Genetic Differences (P-distance) Within Genetically Determined Groups using Data
From COI + COII Regions
Population
Pop A
Pop B
Pop C

D (Average P-distance)
0.012
0.003
0.002

Table 5. Genetic Differences (P-difference) Between Groups Based on Location Using Data
from COI + COII Regions

South of Smoky
Mountain
National Park
Talladega
Central
North of
Roanoke

South of Smoky
Mountain
National Park
-

Talladega

Central

North of
Roanoke

-

-

-

0.0276
0.0022
0.0106

0.0276
0.0263

0.0108

-
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Table 6. Genetic Differences (P-distance) Within Groups Based on Geographic Location Using
Data from COI + COII Regions
Location
South of Smoky Mountain National Park
Talladega
Central
North of Roanoke

D (p-distance)
0.0022
0.0117
0.0020
0.0082

Frequency

Figure 4. Mismatch Distribution Graph for Talladega National Forest

Figure 4 shows a mismatch distribution graph for Talladega Region. The expected line is based
on a presumption of a growing population.
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Frequency

Figure 5. Mismatch Distribution Graph for North of Roanoke Region

Figure 5 shows a mismatch distribution graph for North of Roanoke Region. The expected Line is
based on a presumption of a growing population.

Frequency

Figure 6. Mismatch Distribution Graph for Central Region

Figure 6 shows a mismatch distribution graph for the Central Region. The expected line is based
on a presumption of a growing population.
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Frequency

Figure 7. Mismatch distribution Graph for South of Smoky Mountains National Park Region

Figure 7 shows a mismatch distribution graph for the South of Smoky Mountains National Park
Region. The expected line is based on a presumption of a growing population.

Table 7. Fu’s Fs Test for Population Expansion
Region
South of Smoky
Mountains National
Park
Talladega

Fu’s Fs statistic
-0.643

P Value
0.35800

7.288

0.99500

Result of Test
Fail to Reject null
hypothesis

Fail to Reject null
hypothesis
North of Roanoke
1.595
0.75600
Fail to Reject null
hypothesis
Central
-1.989
0.13100
Fail to Reject null
hypothesis
Table 7 shows the results of applying Fu’s Fs Test for Population Expansion. In all cases, P was
greater than 0.05 so the null hypothesis of a stable population could not be rejected.
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Table 8. Identifying Reticulitermes Samples to Species using Genetic Sequencing and PCR-RFLP

Sequencing
(phylogeny)

RFLP
Pattern

Reticulitermes

Sequencing
(phylogeny)

RFLP
Pattern

RfA04.1
RfA04.2
RfA04.3

R Flavipes
R Flavipes
R Flavipes
R Flavipes
R Flavipes
R Flavipes

RfA06.1

R malletti

RfA09.1
RfA10.1

R Flavipes
R virginicus

R flavipes
R flavipes
R flavipes
R flavipes
R flavipes
R flavipes
R malletti or
R nelsonae
R flavipes
R virginicus

RfA30.1
RfA30.2
RfA30.3
RfA31b.1
RfA32.1
RfA32.2

R Flavipes
R Flavipes
R Flavipes
R Flavipes
R Flavipes
R Flavipes

R flavipes
R flavipes
R flavipes
R flavipes
R flavipes
R flavipes

RfA37.1

R flavipes

R flavipes

RfA37.2
RfA37.3

R Flavipes
R Flavipes

R malletti or
R nelsonae

RfA38b.1

R malletti

R malletti

R malletti or
R nelsonae

RfA40.1

R Flavipes

R flavipes
R flavipes
R malletti
or
R nelsonae
R flavipes
suggested

RfA11.1

R malletti

RfA11b.1
RfA12.1

R nelsonae

R malletti or
R nelsonae

RfA40.2

R Flavipes

RfA13.1

R Flavipes

R Flavipes

RfA40.3

R Flavipes

RfA14.1

R Flavipes

RfA41b.1

R Flavipes

R Flavipes

RfA14.2

R Flavipes

RfA41b.2

R Flavipes

R flavipes

RfA14.3

R Flavipes

RfA41b.3

R Flavipes

R flavipes

RfA16.1

R Flavipes

R Flavipes

RfA42.1

R virginicus

RfA16.2

R Flavipes

R flavipes

RfA44.1

R virginicus

RfA16.3
R Flavipes
R flavipes
RfA18.1
R Flavipes
R Flavipes
RfA18.2
R Flavipes
R flavipes
RfA18.3
R Flavipes
R flavipes
Note: Table 8 continues on next page

RfA52b.1
RfA56.1
RfA60.1
RfA62b.1

R Flavipes
R Flavipes
R Flavipes
R Flavipes

Reticulitermes
RfA03.1
RfA03.2
RfA03.3

R flavipes
suggested
R flavipes
suggested
R flavipes
suggested
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R flavipes
suggested
R flavipes
suggested

R
virginicus
R
virginicus
R flavipes
R flavipes
R flavipes
R flavipes

Table 8. Identifying Reticulitermes Samples to Species using genetic sequencing and PCR-RFLP
(Continued)
Reticulitermes

Sequencing
(phylogeny)

RfA19b.1

R malletti

RfA21.1
RfA21.2
RfA21.3
RfA22b.1
RfA22b.2

RFLP
Pattern

Reticulitermes

Sequencing
(phylogeny)

RFLP
Pattern

RfA64.1

R Flavipes

R flavipes

R Flavipes
R Flavipes
R Flavipes
R Flavipes
R Flavipes

R malletti or
R nelsonae
R Flavipes
R flavipes
R flavipes
R Flavipes
R flavipes

RfA70b.1
RfA70b.2
RfA70b.3
RfA73.1
RfA75.1

R Flavipes
R Flavipes
R Flavipes
R Flavipes
R Flavipes

RfA22b.3

R Flavipes

R flavipes

RfA76.1

R Flavipes

RfA25b.1

R virginicus

R virginicus

RfA85.1

R Flavipes

R flavipes
R flavipes
R flavipes
R flavipes
R flavipes
R flavipes
suggested
R flavipes
suggested
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Discussion
Population Genetics of Reticulitermes flavipes
The genetic analysis of the combined COI and COII regions of the genetically determined
populations of R. flavipes indicated that there were three groupings of termites. A pin was
added for each specimen to a map of the Southern Appalachians. When each pin was circled
with different colors based on which group the termite was determined to be in, certain
patterns were indicated (Figure 8). Each population was shown to have a different range and
distribution. Population C was most represented with representatives from 16 sites. Population
C was shown to be distributed throughout the central portion of the map. Population A was only
found in the southern portion of the map and was less represented. Population B also had only
a few representatives and was sequestered into the northeast portion of the map. Two
specimens located in the northeast did not group with any of these three populations based on
their COI and COII sequences and were not classified to any population for analytics. The sample
size is too small to accurately predict the entire range and distribution of the different groups.
Also, increasing the sample size in the entire region might lead to the discovery of distinct
groups which were not uncovered in this limited sample.
Comparisons of p-distance performed by MEGA indicated that Groups A and C were the least
similar pair of groups and that Groups B and C were the most similar groups. This would suggest
that Groups B and C are more closely related to each other than either is to Group A.
Comparisons of p-distance within each population indicated that Group C had the least amount
of genetic variability and Group A had the most genetic variability. The high amount of genetic
variability in Group A could indicate that it is the most established and stable population.

Theories of Refuges
The Southern Appalachians served as a major refuge of invertebrates during the last glacial
maximum 18,000-21,000 years ago (Belote et. al 2009). During this time decreases in
temperature and precipitation led to changes in forest distributions. Mountaintops became
treeless and forests contracted to sheltered valleys and ravines. Areas that lost all of their trees
also lost their ability to support the invertebrates that depended on those trees. Similarly, areas
of refuge that never lost all of their trees may have been able to maintain invertebrate
populations. This leads to two competing hypotheses for the history of R. flavipes that inhabit
the Southern Appalachians.
One hypothesis would be that only the very southern part of the Southern Appalachians served
as a major refuge for the species. If the southern portion of the Southern Appalachians served
as the only major refuge then all other areas would be colonized by a subset of the population
that survived in the south. Since termites generally have poor dispersal ability, it is most likely
that the areas would be recolonized in a stepwise fashion.
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Figure 8. Map of the Southern Appalachians Showing the Distribution of Genetically
Determined Populations

Figure 8 shows the distribution of populations. The sites enclosed in a red circle indicate
specimens collected from those sites were identified as Population C. The sites enclosed in a
yellow circle indicate specimens collected from those sites were identified as Population B. The
sites enclosed in a blue circle indicate specimens collected from those sites were identified as
Population A. Two sites contained samples that did not group with any of the populations and
were given no population designation. These sites were designated by being enclosed in a
purple circle.
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The other hypothesis would be that all areas contained some good refuges during the last glacial
maximum. The deeply dissected topography of the South Appalachian Mountains provides
many opportunities for sheltered valleys and ravines. If all areas were able to support their own
population, then each area should have high genetic diversity characteristic of a stable
population and unique genetic diversity that is not shared with other refuge areas.
To test which of these hypotheses were supported, specimens were divided into geographic
areas along natural barriers and sections of their mitochondrial DNA were sequenced and then
analyzed using MEGA and DNASP software. A phylogenetic tree of the four geographic areas
created by calculating p-distances in MEGA indicated that specimens from the Central and South
of Smoky Mountain National Park regions were closest relatives to each other (Figure 2).
Specimens collected in the area North of Roanoke were the next closely related, with Talladega
being the out-group. Genetic differences between groups showed that Talladega had the most
differences from the other three areas (Table 5). Genetic differences within groups showed that
central and south of GSMNP locations had the lowest number of genetic difference within
groups, while Talladega had the most genetic differences within the group (Table 6). This could
suggest that Talladega is a well-established population while the population from the central
and south of Smoky Mountain National Park regions are more recently established.
Mismatch distributions graphs created by using DnaSP showed how data collected from
specimens of each region compared with expected data from a growing population. The graphs
for Talladega and North of Roanoke regions showed patterns for the expectant data that were
visibly discordant with the curve indicating a growing population. This indicates that the
populations in these areas are not growing. Mismatch distributions graphs for the Central and
South of Smoky Mountain National Park regions showed patterns from the observed data that
more closely corresponded with the expected pattern. The mismatch distribution graph for the
South of Smoky National Park region had the closest correspondence with its expected curve.
These graphs indicate that the populations from the Central and South of Smoky Mountain
National Park regions are more likely to be growing population than the other two regions.
Fu’s Fs Test for Population expansion was applied to all four population and the results showed
that Central and South of Smoky Mountains National Park regions had negative Fu’s Fs values
and Talladega and North of Roanoke regions had positive Fu’s Fs values (Table 7). However, the
P value was larger than 0.05 in each case, so there was a failure to reject the null hypothesis of
population expansion for each region.
By combining the results from these tests there is evidence that populations from the Talladega
and North of Roanoke regions are the more stable populations. The Central and South of Smoky
Mountains National Park regions are indicated to be less stable and possibly expanding. These
findings contradict what I expected to find if the most southern area served as the only refuge
during the last glacial maximum. If the data was to indicate that the most southern region was
the most stable and the middle and especially the most northern region showed signs of recent
growth then a single southern refuge might be suggested.
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If these findings are truly indicative of the refuges of R. flavipes present in the Last Glacial
Maximum, then the findings point toward multiple refuges found in the Southern Appalachians
instead of just a large southern refuge. This would be consistent with findings of another study
(Provan and Bennett 2008) that supports the role of cryptic refugia over a single large southern
refuge for many taxas. The implications of having refugia in higher latitudes are important for
predictions of the distribution of organisms in times of global climate change.
Identifying Species of Reticulitermes Using PCR-RFLP
This restriction enzyme assay can help identify species of Reticulitermes found in the Southern
Appalachians. Out of the 60 termites that were tested, 50 were correctly identified as being R.
flavipes, four were correctly identified as R. virginicus and the remaining six termites were
correctly identified as being either R. malletti or R. nelsonae, but a clear distinction was not
made between the two. Also, six samples that were identified to be R. flavipes by the cutting
patterns of two of the restriction enzymes produced cutting patterns with the third restriction
enzyme that were not predicted to occur. These unrecognized cutting patterns could possibly be
caused by incomplete digestion of mitochondrial DNA. To avoid misidentification of specimens,
sample should be sequenced when novel or unrecognized cutting patterns appear.
PCR-RFLP has been shown to be a convenient tool for identifying many invertebrates.
(Vesterlund 2014). Restriction fragment length polymorphism has been shown to be able to
distinguish between four species of Reticulitermes found in the south-central United States
(Szalanski 2003). This modified PCR-RFLP is useful in identifying the species that can be found in
the Southern Appalachians. It is useful in identifying R. flavipes and R. virginicus. It can also
identify specimens to be either R. malletti or R. nelsonae but requires more precise
measurement to distinguish between the two. This modified PCR-RFLP will be a useful tool for
identifying species within a genus that is notably difficult to identify morphologically.
Future Research
Further research is needed to support and expand these findings. An increase in sampling is
needed to better make predictions about the genetic diversity of R. flavipes in the Southern
Appalachians. Sampling should increase in the range of areas in the Southern Appalachians
where collections take place. An increase in sampling would also make it easier to predict
whether each group was stable in size or growing. Since none of the collected samples were R.
hageni, further testing is needed to see if that modified PCR-RFLP can correctly identify
specimens to this species.
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